We present an integrated methodology for the optimal management of nitrate contamination of ground water combining environmental assessment and economic cost evaluation through multi-criteria decision analysis. The proposed methodology incorporates an integrated physical modeling framework accounting for on-ground nitrogen loading and losses, soil nitrogen dynamics, and fate and transport of nitrate in ground water to compute the sustainable on-ground nitrogen loading such that the maximum contaminant level is not violated. A number of protection alternatives to stipulate the predicted sustainable on-ground nitrogen loading are evaluated using the decision analysis that employs the importance order of criteria approach for ranking and selection of the protection alternatives. The methodology was successfully demonstrated for the Sumas-Blaine aquifer in Washington State. The results showed the importance of using this integrated approach which predicts the sustainable on-ground nitrogen loadings and provides an insight into the economic consequences generated in satisfying the environmental constraints. The results also show that the proposed decision analysis framework, within certain limitations, is effective when selecting alternatives with competing demands. q
Introduction
Public concerns over ground water quality have grown significantly in recent years and have focused increasingly on agriculture as a source of nitrate pollution of ground water. Nitrogen is a vital nutrient to enhance plant growth. Nevertheless, when nitrogen-rich fertilizer and manure applications exceed the plant demand and the denitrification capacity of soil, nitrogen can leach to ground water usually in the form of nitrate (Meisinger and Randall, 1991) . In general, agricultural practices result in non-point source pollution of ground water and the effects of these practices accumulate over time (Schilling and Wolter, 2001 ). Non-point sources include fertilizer, dairy farms, manure application, and leguminous crops. Harter et al. (2002) showed that manure application has a significant effect on the nitrogen content of soil especially in areas with high densities of dairy farms. Elevated nitrate concentrations in ground water are common around dairy operations, barnyards, and feedlots. Fertilizer applications on row crops are considered to be a major source of non-point nitrate leaching to ground water particularly in sandy soils (Hubbard and Sheridan, 1994) . Point sources of nitrogen such as septic tanks and dairy lagoons are shown to contribute to nitrate pollution of ground water (Erickson, 1992; MacQuarrie et al., 2001) . Due to the presence of nitrogen sinks in soils that provide nitrate to ground water together with denitrification of nitrate in ground water, there is a sustainable on-ground nitrogen loading that the subsurface can handle without exceeding the maximum contaminant level (MCL) of 10 mg/L as NO 3 -N (US Environmental Protection Agency, 2000) . This sustainable loading, which can also be called as the optimal loading, is generally a function of the total on-ground nitrogen loading, soil nitrogen dynamics, and the fate and transport of nitrate in ground water along with many other parameters pertaining to soil and aquifers.
The increasing evidence of nitrate contamination of ground water beyond the MCL has intensified the need for developing protection alternatives such as the restriction of fertilizer use and manure applications. Through the adoption of these alternatives, it is possible to protect ground water quality by reducing the nitrate occurrences in ground water. Identification of areas with heavy nitrogen loadings from point and non-point sources is important for land use planners and environmental regulators. Once such high-risk areas have been identified, preventive alternatives can be implemented to minimize the risk of nitrate leaching to ground water (Tesoriero and Voss, 1997; Ramanarayanan et al., 1998; Yadav and Wall, 1998) .
As such, it is essential to introduce an effective protection alternative to an area under threat by nitrate pollution. This step is commonly achieved by maintaining the on-ground nitrogen loadings below the sustainable loadings that satisfy the MCL constraint at selected receptors. In introducing the protection alternatives, one should ask; where should these alternatives be imposed? What are the maximum on-ground nitrogen loadings that should not be exceeded in order to satisfy the MCL limit? Of course, if the current on-ground nitrogen loadings do not exceed the sustainable loadings, then protection alternatives are not needed and vice versa. Perhaps the most important point in evaluating the success of the protection alternatives is whether these alternatives will result in a decrease in nitrate below the MCL or not and if so, how long this will take and how much does it cost? For these reasons, a protection alternative will be successful if it reduces the on-ground nitrogen loading to less than the sustainable loading.
Protection alternatives implicitly expose conflicting objectives. For example, the main goal of a protection alternative is to reduce the nitrate concentrations below the MCL. On the other hand, a protection alternative should minimize the economic losses incurred from their implementation. In general, once the sustainable loading is determined for a particular region perhaps through an optimization framework, then different protection alternatives can be evaluated to meet this requirement depending on the nitrogen sources present in the region. These conflicting goals can yield different economic consequences and different prioritization schemes based on practicality and applicability of each proposed alternative. Therefore, a sound management decision model is essential to balance between competing economic and environmental goals and a multi-criteria decision analysis may be needed to prioritize the proposed protection alternatives.
In the light of the above discussion, the questions and concerns to be addressed by this work are (i) what is the spatial distribution of sustainable on-ground nitrogen loading that is necessary to maintain the nitrate concentration below the MCL; (ii) which protection alternatives should be considered to meet this sustainable loading if the existing loading is too high; (iii) what are the individual economic costs incurred due to the adoption of each protection alternative; and (iv) how to balance between the competing environmental and economic goals and how to prioritize the protection alternatives accordingly.
To address the above questions, a decision analysis framework is developed to determine the most effective and the least-costly protection alternative for a given ground water system. The proposed methodology addresses the issue of aquifer restoration by keeping the on-ground nitrogen loadings below the sustainable loading, such that the nitrate concentrations at specific receptors are below the MCL. The methodology integrates models of fate and transport of nitrate and soil nitrogen dynamics with an optimization and a multi-criteria decision analysis. In this work, the proposed methodology is developed and its applicability will be demonstrated for the Sumas-Blaine aquifer of Washington State where the major sources of onground nitrogen loadings are from agricultural fertilizers and manure applications (Almasri, 2003; Almasri and Kaluarachchi, 2004a-c) .
Methodology
Fig. 1 depicts a general illustration of the proposed methodology to compute the sustainable on-ground nitrogen loading for a particular region. It integrates on-ground nitrogen loading, fate and transport in ground water, and soil nitrogen dynamics with an optimization module, subject to the constraint of maintaining concentrations below the MCL. Once the sustainable loading for the given region is computed, then a series of protection alternatives will be assessed through the decision analysis model subject to a set of decision criteria. The results of the decision analysis will provide the best protection alternative that satisfies the decision criteria while maintaining the on-ground loading below the sustainable loading.
Nitrogen sources and simulation of nitrate contamination
The overall conceptual model relating the on-ground nitrogen loading to the concentration in ground water is shown in Fig. 2 (Almasri, 2003; Almasri and Kaluarachchi, 2004a,c) . The proposed conceptual model is comprehensive as it considers the spatial and temporal distribution of onground nitrogen loading from different combinations of land uses and nitrogen sources present in a study area, soil nitrogen dynamics, and finally the fate and transport processes in ground water due to nitrate leaching from the soil. The complexity of this conceptual model arises from the high spatial and temporal variability of nitrogen sources and related land use practices, dissimilar source types, many geochemical reactions of nitrogen in the soil, and the various fate and transport processes in ground water.
The first step in this modeling framework is the estimation of the spatial and temporal distribution of on-ground nitrogen loadings (see Fig. 2 ). To better understand and assess the distribution of nitrate leaching, the on-ground nitrogen loadings can be computed using the National Land Cover Database (NLCD) as prepared by the US Geological Survey (Almasri and Kaluarachchi, 2004a-c) . The NLCD grid has 21 different land use classes describing the entire US. In general, the main nitrogen sources in agricultural watersheds include dairy and poultry manure, dairy lagoons, applications of fertilizers on agricultural fields and lawns, atmospheric deposition, irrigation with nitrogen-contaminated ground water, septic tanks, and nitrogen fixed by legumes (Almasri and Kaluarachchi, 2004a-c) . The abovementioned nitrogen sources are spatially allocated using the NLCD except for septic tanks and dairy lagoons where GIS point shapefiles are utilized to assign the corresponding loadings (Almasri and Kaluarachchi, 2004a) .
When nitrogen enters the soil, it undergoes many biochemical transformations before leaching to ground water mostly as nitrate (see Fig. 2 ). Many mathematical models are available to simulate soil nitrogen transformations. Detailed illustration of available models can be found in Ma and Shaffer (2001) and McGechan and Wu (2001) . In this work, a soil nitrogen model was developed following the framework outlined in the Nitrate Leaching and Economic Analysis Package (NLEAP) (Shaffer et al., 1991) . The motivations and the reasons for developing a separate soil nitrogen model rather than using an existing model are (Almasri, 2003; Almasri and Kaluarachchi, 2004a) : (i) to incorporate agricultural, domestic, and natural sources of nitrogen in the model; (ii) ease of data manipulation using the NLCD grid and flexible output processing using GIS; and (iii) the ability to integrate the overall model with the proposed fate and transport model of nitrate in ground water. The final output from the soil nitrogen model is the nitrate leaching to ground water.
The development of the nitrate fate and transport model follows the simulation of the ground water flow system. This is a necessary step to obtain the potentiometric head distribution across the model domain, saturated thickness, Fig. 1 . A flow chart describing the proposed methodology integrating the on-ground nitrogen loading, soil nitrogen dynamics, fate and transport, optimization, and decision analysis. Fig. 2 . Schematic describing the integrated modeling framework to predict the nitrate concentration in ground water.
fluxes across cell interfaces in all directions, and locations of flow rates of the various sources and sinks. The advectiondispersion-reaction transport equation is thereafter solved for ground water with first-order irreversible rate reactions.
Optimization
The purpose of the optimization is to determine the sustainable on-ground nitrogen loading that satisfies the major constraint of maintaining nitrate concentrations at selected receptors below the MCL. The decision variables are the annual on-ground nitrogen loadings from agricultural fertilizers and manures at the selected drainages. Although other nitrogen sources and land uses are present in a typical watershed comprised of different drainages, management intervention to control nitrogen pollution can be implemented readily with agricultural fertilizers and manure. Therefore, these two decision variables have been selected for the analysis. It is further assumed that the onground loading of nitrogen in each drainage is spatially uniform in areas where agriculture and dairy farming are practiced (this assumption is discussed in Section 5). In other words, each drainage of interest in a large watershed is assigned two decision variables (uniform nitrogen loadings) pertaining to fertilizers and manure. The sustainable onground nitrogen loadings correspond to the maximum loading (the upper bound) that the aquifer can sustain without exceeding the MCL at specified receptors. Symbolically, the objective function and constraints can be stated as
where G is the objective function to be maximized (lbs); NM i is the sustainable annual manure loading for drainage i (lbs); NF i is the sustainable annual agricultural fertilizer loading for drainage i (lbs); l is the number of the selected drainages; d M and d F are weighting coefficients for manure and fertilizer loadings, respectively (L 0 ); and C t k is the maximum monthly nitrate concentration, (mg/L), at the last year of the simulation period, t, at receptor k; z is the number of receptors. In Eq. (1), the values of d M and d F reflect the preference of the decision-maker in maximizing the manure or fertilizer loadings. Once the vectors of sustainable loadings, NM i and NF i , are determined, these are compared to the vectors of existing loadings. If, for a specific drainage, the sustainable loadings are greater than the existing ones, then protection alternatives are not needed; otherwise, management alternatives are introduced accordingly and evaluated as shown in Fig. 1 .
The proposed optimization approach utilizes genetic algorithms (GA). In general, GA requires many objective function evaluations. The simulation model is used at each time the objective function is evaluated and therefore, the search for the optimal solution may become time-consuming. Researchers have handled this situation in several ways among which is the use of an artificial neural network (ANN) as a proxy to the numerical model to expedite the process of evaluating the objective function (Morshed and Kaluarachchi, 1998; Aly and Peralta, 1999) . Once the models of soil nitrogen dynamics and fate and transport in ground water are developed (based on Fig. 2) , the ANN can be trained and tested using patterns generated from these models. The ANN picks the on-ground nitrogen loadings from manure and fertilizers for the selected drainages and predicts the corresponding nitrate concentrations at the specified receptors. In essence, the ANN replaces the nitrogen transformations in the soil and the fate and transport processes in ground water as depicted in Fig. 2 .
Unlike the traditional optimization approaches, constraints in GA cannot be incorporated explicitly but implicitly using the penalty functions (Goldberg, 1989) . In this case, the following penalty function is considered
and
where 2 is the penalty function; U is a commensuration coefficient that will be identified throughout GA simulations, and z is the number of receptors. Detailed illustrations of ANN and GA concepts are available in Haykin (1994) and Goldberg (1989) , respectively.
Decision analysis
The choice of an alternative from a set of alternatives is difficult if these alternatives are non-dominated for a given set of decision criteria. For an alternative to be dominant, it should be the best in terms of all decision criteria. Since the decision criteria developed in this work reflect both economic costs as well as environmental constraints, it is anticipated that no single alternative will be dominant. This condition necessitates the use of a multi-criteria decision analysis to prioritize the protection alternatives. In general, multi-criteria decision analysis evaluates a utility that expresses a decision-maker's outcome preference in terms of multiple criteria. A criterion is a characteristic of the protection alternatives that the decision-maker considers important. In this work, a multi-criteria decision analysis methodology that is based on the importance order of criteria (IOC) is adopted.
The IOC method (Yakowitz et al., 1993 ) is conceptually simple and provides the decision-maker with clear evidence if one alternative is strongly dominant over another. The IOC method is easy to program and provides rational results. The method relies on defining the best and worst total utilities of the alternatives through the ranking of the decision criteria for each alternative. The best total utility of an alternative is computed via maximizing the expected utility function, U j , as follows
where m is the number of criteria of alternative j; v ij is the value of jth alternative with respect to the ith criterion; and w i is the weight assigned to criterion i. The maximization of the objective function in Eq. (5) is subject to the following constraints
The first constraint defines the ranking of the importance of the criteria. The second and third constraints are the scaling and the weight non-negativity constraints. Likewise, the lowest total utility is found by minimizing the objective function given in Eq. (5) in the above linear program instead of maximizing it. The minimum and maximum objective functions determine the minimum and maximum total utility possible for any weight combination as far as the constraints are met. The two linear programs must be solved for each alternative under consideration. However, Yakowitz et al. (1993) showed that these linear programs can be solved in a closed form as discussed next. Let kZ 1,.,m, then S kj can be defined such that
Let BU j and WU j indicate the values of the optimal objective function to the best and worst total utilities, respectively, then
An alternative k dominates alternative j with the given importance order of criteria if WU k RBU j . However, if the computation of the best and worst total utilities did not yield a complete ranking of the alternatives, then the best and worst total utilities for each alternative are averaged out and the alternatives are ranked up in a descending order of these averages. In general, the criterion values are linearly scaled between 0 and 1 where the maximum value of a decision criterion corresponds to 1. Detailed illustration of the IOC method is available in Yakowitz et al. (1993) .
Protection alternatives
As discussed earlier, the protection alternatives are assumed to be applied to areas that use agricultural fertilizers and produce dairy manure. The protection alternatives considered in the analysis are as follows;
Dairy herd size reduction. Since manure loading is a function of dairy herd size, downsizing the dairy herd is apparently the most straightforward and effective option that minimizes manure loading (Davis et al., 1999) . However, such an option implies serious economic and political ramifications that may prohibit its adoption in some watersheds.
Manure composting/exporting. Manure exporting is a viable alternative since it does not involve herd size reduction. In order for manure to be exported and transported, it should be composted. Composting is the aerobic decomposition of organic matter by certain microorganisms such as bacteria that consume oxygen and use nutrients such as carbon, nitrogen, phosphorus, and potassium as they feed on the organic waste. Since carbon dioxide and water vapor escape during this process, the resulting compost can be approximately half the volume and weight of the original material (Pace et al., 1995) .
Improve dairy cow diet. Many dairy producers overfeed crude protein to support high levels of milk production. However, this practice results in excessively high presence of nitrogen in the excrement. The protein that is not used for milk production or maintenance and growth is excreted as urea or organic-N. Van Horn (1992) showed that when cows were precisely fed to meet the National Research Council recommendations (NRC, 1989) through a balanced diet consisting of rumen degradable and undegradable protein, the nitrogen content in manure decreased by 14%.
Reducing nitrogen fertilizer application rates. Since the fertilizer application on agricultural areas has been recognized as a main source of nitrate contamination of ground water, a reduction in the nitrogen fertilizer application rate is an efficient option (Yadav and Wall, 1998) . However, excessive reductions in fertilizer applications may produce a decrease in crop yield causing serious economic consequences to the farmers and the local community.
Decision criteria
The proposed methodology introduces five main categories of decision criteria and these are (i) cost incurred from implementing the protection alternative; (ii) satisfaction of the MCL constraint; (iii) on-ground nitrogen loading and nitrogen losses; (iv) net nitrogen build-up in the soil and nitrate leaching; and (v) nitrate build-up in ground water and nitrate flux to surface water. Table 1 summarizes the decision criteria, the corresponding acronyms, and criterion categories. Each protection alternative is appraised for these decision criteria by computing the on-ground nitrogen loadings, utilizing the soil and ground water nitrate fate and transport models and an economic cost model. The problematic decision criteria are those pertinent to the costs of alternatives. The following subsections provide explanations for the economic cost and MCL constraint criteria.
MCL constraint criteria. Two decision criteria were considered in assessing the effectiveness of the protection alternatives in satisfying the MCL constraints. The first is the summation of positive concentration deviations, SCD, after introducing a protection alternative. SCD is defined as follows
where C k is the maximum monthly nitrate concentration, (mg/L), at the end of the simulation period at receptor k, and z is the number of nitrate receptors. The second decision criterion in this category, EMCL, considers the total number of receptors with nitrate concentrations exceeding the MCL. Cost criteria. Two cost criteria were developed. The first criterion is the cost incurred from adopting a specific protection alternative, COST, and represents the present discounted cost of the protection alternative. COST is defined as follows (Newman, 1976) 
where i is the market interest rate; t is the length of the planning period, and C net is the annual cost incurred from adopting a specific protection alternative considering both costs and benefits. A simple cost model can be developed using a spreadsheet to compute COST. The second criterion introduces the cost per unit nitrate concentration reduction, CPCR, and is defined as follows
where COST 0 and COST i are the net costs incurred from the do nothing alternative and the ith alternative, respectively; and AC i and AC 0 are the average receptor concentrations corresponding to the ith and the do nothing alternatives, respectively. AC i is defined as
where C i k is the simulated nitrate concentration at receptor k due to the ith protection alternative. CPCR evaluates the cost effectiveness of a specific protection alternative and provides information on how resources are being employed to reduce the nitrate contamination.
Demonstration example
This section evaluates the applicability and practicability of the proposed methodology for the optimal management of nitrate contamination of ground water in an agriculturedominated watershed. The Sumas-Blaine aquifer of Washington State is considered for the demonstration of the methodology for a 10-year management restoration period.
Site description
Sumas-Blaine aquifer (see Fig. 3 ) is the principal surficial aquifer in the Nooksack Watershed in Whatcom County located in the northwest corner of Washington State (Almasri and Kaluarachchi, 2004a,c) . This aquifer is used for domestic, agricultural, and industrial purposes and occupies an area of about 150 miles 2 . Most of the soils in the study area are categorized as well-drained. The water table is shallow, typically less than 10 ft, but exceptions occur near the City of Sumas where the depth to the water table exceeds 50 ft and depths exceed 25 ft near the eastern part of the aquifer (Tooley and Erickson, 1996) . The geology of the aquifer consists of three major geologic layers and two (Kemblowski and Asefa, 2003b) . The Sumas layer is the main productive layer and the most vulnerable to nitrate contamination (Almasri, 2003) . Much of the ground water extraction and nitrate contamination occur in this layer. The Sumas layer is composed mainly of stratified sand and gravel outwash and the coarse-grained alluvium of the Nooksack and Sumas Rivers. The Sumas layer covers most of the study area except in the northwestern, southwestern, and central eastern parts. The Everson-Vashon fined-grained layer is a semi-confining unit composed of thick accumulation of unsorted clay and sandy silt with some local coarse-grained lenses. Typically this layer is more than 100 ft thick and restricts hydraulic connectivity between the overlying Sumas layer and the underlying Everson-Vashon coarsegrained layer. Precipitation ranges from over 60 in. per year in the northern uplands to about 40 in. per year in the lowlands. Recharge to the aquifer is largely due to the infiltration of precipitation and irrigation. The actual area considered in this work is larger than the boundaries of the Sumas-Blaine aquifer and includes parts of Canada (see Fig. 3 ). One reason for this larger area is that there is a substantial manure application on berry plantations located in the Canadian side (Mitchell et al., 2003) . Since the ground water flow is from north to south towards the Nooksack River, the nitrogen-rich manure application in the Canadian side has a major influence on ground water quality in the south (Stasney, 2000; Nanus, 2000; Mitchell et al., 2003) . In addition, the extended area supports realistic boundary conditions that suit the modeling of ground water flow (Kemblowski and Asefa, 2003a,b) . The total area of the extended aquifer region is approximately 376 miles 2 and is shown in Fig. 3 along with the boundaries of the SumasBlaine Aquifer. Hereafter, the model domain or the study area will refer to the extended Sumas-Blaine aquifer as depicted in Fig. 3 . There are 39 drainages representing the extended aquifer region.
Due to the intensive agricultural activities in the study area, ground water quality in the aquifer has been continuously degrading and nitrate concentrations are increasing (Almasri and Kaluarachchi, 2004b) . The study area is the second in Washington State and the eighth in the US for dairy production (Stasney, 2000) . The persistent elevated nitrate concentrations in ground water of the study area are found close to the locations of dairy farms (Almasri and Kaluarachchi, 2004c) . The study area produces more than 59% of the US red raspberries ranking fifth in world raspberry production (Stasney, 2000; Gelinas, 2000) . Since raspberries have a low nutrient requirement, high nitrogen addition to raspberries can result in substantial nitrate leaching to ground water. The aquifer readily interacts with surface water and serves as an important source of summer streamflows to the rivers and creeks in the study area (Tooley and Erickson, 1996) . The study area supports a variety of fish species important to the cultural heritage, economy, and the ecology of the area. Since the role of nitrate in eutrophication is well-recognized, nitrate contamination of surface water is a concern as it greatly affects the fish habitat. In general, the transport of nitrate to surface water occurs mainly via discharge of ground water during baseflow conditions (Bachman et al., 2002) . This is apparent for the study area since an average of 70% of streamflow comes from ground water recharge through baseflow (Kemblowski and Asefa, 2003a ). This baseflow is very likely to be contaminated with nitrate. In addition, nitrogen applied in the study area is mainly in the organic form (Almasri and Kaluarachchi, 2004a) and it has to go through the processes of mineralization and nitrification in the soil zone before leaching to ground water as nitrate. The nitrate after reaching the ground water will eventually get to surface water via baseflow. Therefore, the prevention of ground water contamination from nitrate also protects surface water quality.
Fate and transport of nitrogen
The modeling framework depicted in Fig. 2 was developed for the extended Sumas-Blaine aquifer. It considers a high-resolution land cover distribution and land use practices to estimate the on-ground nitrogen loadings from point and non-point sources followed by a soil nitrogen model to predict the nitrogen transformations in the soil zone. The soil nitrogen transformations considered were mineralization, immobilization, nitrification, denitrification, and plant uptake. The soil nitrogen model is a lumped-parameter model similar to NLEAP. The main output from this integrated modeling approach is the monthly nitrate mass leaching to ground water. The soil nitrogen transformation model was validated using NLEAP as shown in Almasri (2003) and Almasri and Kaluarachchi (2004a) . A fate and transport of nitrate in ground water was developed for the study area. The reactive mass transport model, MT3D (Zheng and Wang, 1999) , was used as the simulation model which is linked to MODFLOW (Harbaugh and McDonald, 1996) . A detailed description of the model development is provided by Kemblowski and Asefa (2003a) , Almasri (2003) , and Kaluarachchi and Almasri (2004) .
A total of 56 receptors were selected (as depicted in Fig. 4 ) to evaluate the MCL constraints. In the selection process, consideration was given to both areas with high on-ground nitrogen loading and areas with minimal land use activities contributing to nitrogen. The selected receptors, however, have nitrate concentrations exceeding the MCL under the existing land use classes and practices. Yet, receptors with extremely high nitrate concentrations were not considered. These receptors cover 14 drainages; Fourmile, Tenmile, California, South Fork Dakota, Schneider, Lummi Peninsula West, Fishtrap, Breckenridge, Dale, Johnson, and Jordan drainages. In addition, the Canadian portions of Bertrand, Fishtrap, and Johnson drainages were selected and treated as independent drainages in this work. The selected drainages contribute the majority of the on-ground nitrogen loadings in the study area due to the high agricultural activities .
Optimization analysis ANN development.
Since there are 14 drainages selected for protection alternatives, the ANN has a total of 28 input parameters where 14 parameters correspond to the annual manure application rates and the remaining are for the annual fertilizer application rates. ANN output is the maximum monthly nitrate concentrations at the 56 receptors at the 10 th year. To generate the training and testing patterns for ANN development, the on-ground nitrogen loadings from manure and fertilizers were randomly allocated and the simulations were performed using the soil nitrogen and mass transport models (see Fig. 2 ) and the corresponding nitrate concentrations at the receptors were obtained. A total of 440 patterns were generated and 352 patterns were allocated to the training set and the remainder for testing. This allocation was based on a trial-and-error approach until ANN performance in the training and testing phases was the best. The ANN was developed using the Neural Works Professional II/Plus (NeuralWarew, 2000) and the salient parameters of the ANN are summarized in Table 2 . Fig. 5 shows the worst and best scatterplots for the predicted and simulated nitrate concentrations using the ANN and MT3D, respectively. A detailed description of ANN development is available in Almasri (2003) .
GA development. The development of GA requires the identification of specific parameters and related concepts and these are summarized in Table 2 . An important step in developing the GA framework is to ascribe the penalty coefficient, U, described in Eq. (3). A range of penalty coefficients was considered and the performance in optimizing the on-ground nitrogen loadings was tested accordingly. Since the on-ground nitrogen loadings from manure and fertilizers are in the order of millions while the penalty term is in the order of thousands for the maximum value of U, it is essential to make these quantities comparable; otherwise, the penalty values will be ineffective. Therefore, the loadings were scaled and UZ27 yielded the optimal performance of GA. It is important to mention that U was determined for the weighting coefficients d M Zd F Z1.0. Thereafter, the values of d M and d F have to be determined. Preliminary estimations of costs associated with the reductions in manure and fertilizer loadings showed that higher negative economic consequences were incurred in the case of fertilizer reduction as compared to the same reduction in manure. It was found that the optimal manure and fertilizer loadings correspond to d M Z0.5 and d M Z2.0. Table 3 summarizes the existing and the predicted optimal or sustainable manure and fertilizer loadings for the selected drainages. The total annual on-ground manure loadings before and after reductions are 13.6 and 10.3 million lbs-N, respectively. The reductions in percentage vary from 13 to 42% with an overall weighted reduction percentage of 25%. The highest manure loading reductions are in the Tenmile drainage followed by Schneider, Fishtrap, and the Canadian portions of Bertrand, Fishtrap, and Johnson drainages. The total annual on-ground fertilizer loadings before and after reductions are 2.3 and 2.1 million lbs-N, respectively. The reduction percentages varied from 0 to 29% with an overall weighted reduction percentage of 14%. It is noted that the highest fertilizer loading reductions are required in the Canadian portions of Bertrand, Fishtrap, and Johnson drainages. Fig. 6 shows the maximum nitrate concentrations at the receptors due to the existing and predicted sustainable loadings at the 10 th year of simulation. It is seen from Fig. 6 that the nitrate concentrations are maintained below the MCL with the application of the predicted sustainable onground nitrogen loading. It is worthwhile to mention that many receptor concentrations are close to the MCL signifying a tight constraint while others are notably below. This observation can be attributed to the fact that the existing manure and fertilizer loadings yield different nitrate concentrations. Since the decision variables are defined at the drainage level assuming uniform loadings, receptors currently with high nitrate concentrations require more loading reduction than others. This observation implies that high loading reductions are incurred to satisfy the MCL constraint at receptors with high nitrate concentrations although other receptors may not require this high level of reduction.
Results and discussion

Sustainable on-ground nitrogen loading
Decision analysis
In order to maintain the actual on-ground manure and fertilizer loadings in compliance with the predicted sustainable loadings given in Table 3 , nine protection alternatives were evaluated and these alternatives are summarized in Table 4 . For instance, alternative 2 downsizes the cattle herds in the selected drainages proportional to the percentages of reduction in manure loadings given in Table 3 . For example, the required manure loading reduction is 22% in the Fourmile drainage to satisfy the sustainable loading. Therefore, a 22% reduction in the herd size may be needed. Although alternatives 1, 5, and 6 have no direct influence on the optimal solution, these alternatives were investigated as these alternatives are common. Qualitatively, Table 5 summarizes the effectiveness of each alternative in meeting the MCL constraint as well as the potential capability in reducing the on-ground nitrogen loading from manure and fertilizer applications as required by the optimal solution. For instance, alternative 1, do nothing, does not address the MCL constraint or affect the on-ground nitrogen loading therefore it was given the symbol '!'. On the other hand, alternative 5, adopt a feeding strategy for dairy cattle, reduces nitrogen loading from manure by 14% and therefore this alternative addresses manure loading reduction and hence given the symbol '#'. Nevertheless, adopting alternative 5 is not sufficient to reduce the existing manure loading to the sustainable loading as indicated by Table 3 where it is clear that many drainages require reduction percentages beyond the 14% that can be achieved via alternative 5. Later in this manuscript, the alternatives will be evaluated quantitatively per each criterion. The protection alternatives were also analyzed for time-series of nitrate concentration at receptors 20 and 42. Fig. 7 shows that alternatives 7 and 9 are the only protection alternatives that meet the MCL constraint for receptor 20. The time-series of nitrate concentration show a transient behavior at the end of the simulation period signifying that a further reduction in nitrate concentration can be expected upon the continuation of alternatives 7 or 9. These alternatives signify the necessity of combining different alternatives to meet the MCL constraint at the receptors. Apparently, fertilizer reduction denoted by alternative 4 is not effective, yet this alternative has a supporting impact when combined with alternative 3. Protection alternatives simulated at receptor 42 (see Fig. 8 ) located in a dairy farm area in the South Fork Dakota drainage show a different behavior of nitrate concentration as compared to those at receptor 20 (see Fig. 7) . First, the time-series of nitrate concentration reach a quasi-steady state. Second, reducing manure loading achieved by alternatives 2 or 3 satisfies the MCL constraint. Since this drainage does not require a reduction in fertilizer loading (see Table 3 ), alternatives 4, 6, 7, and 9 are not technically needed. It can be concluded that a specific protection alternative may be effective at some receptors, but may not be effective at others. The effectiveness or the applicability of a protection alternative depends mainly on the spatial location of the receptor and the nitrogen source contributing to the on-ground nitrogen loading in the surrounding area of the receptor.
Economic costs
Although the economic cost analysis of different proposed protection alternatives is an important step, this is also the most difficult decision criterion to evaluate because the analysis requires a close examination of the prevailing conditions in the study area. Since many cost components vary (see Table 6 ), COST and consequently CPCR values were calculated stochastically using the Monte Carlo method. The net present values of each alternative at the end of the ten year simulation period are summarized in Table 4 . This section presents a brief discussion of the cost incurred due to the implementing of the protection alternatives.
Do-nothing alternative. In the study area, no-actions were taken to restore the contaminated ground water from Fig. 6 . Maximum nitrate concentration at the receptors for existing and predicted sustainable on-ground nitrogen loadings at the 10 th year of simulation. Table 4 Summary description of the protection alternatives and the net present value of each alternative cost at the end of the 10-year simulation period ID Description Cost (!10 6 $)
Alternative 1 Do-nothing (maintain current loadings) 0 Alternative 2 Dairy cattle herd reduction 43.8 Alternative 3
Manure composting/exporting 8.7 Alternative 4
Fertilizer application reduction 12.3 Alternative 5
Adopt a feeding strategy for dairy cattle K1.7 Alternative 6
Adopt a feeding strategy for dairy cattle C fertilizer application reduction 10.6 Alternative 7
Manure composting/exporting C fertilizer application reduction 21.0 Alternative 8
Manure composting/exporting C adopt a feeding strategy for dairy cattle 2.10 Alternative 9
Manure composting/exporting C fertilizer application reduction C adopt a feeding strategy for dairy cattle 14.4
Alternatives 6-9 represent combined alternatives.
nitrate and no search for alternative water sources were made. As such, it was assumed that no economic ramifications would be encountered from this alternative. Yet, restoring the ground water from nitrate contamination is the policy of the decision-makers such that no increasing trend in nitrate concentrations should be allowed. Dairy cattle herd reduction. The basic premise in estimating the cost of this protection alternative is to estimate the loss of benefits incurred due to the reduction in milk production. The average milk production per cow in the study area ranges from 20,968 to 22,324 lbs and the net annual income per cow ranges from $715 to $746. An assumption was made that dairy herd is reduced or downsized by selling a portion of the herd in proportion with the required reduction percentages in manure loading of each drainage. In addition, a one-time profit was expected from selling the required part of the herd.
Manure composting/exporting. The net cost of this protection alternative considers the cost of composting manure, savings from the reduction in manure spreading, and the savings from marketing the composted manure. The total composting cost equals the compostable manure weight (tons) multiplied by the composting cost ($/ton). Manure composting cost for the study area equals to $10.80/ton. The annual manure spreading cost was computed assuming that the average annual cost of manure spreading ranges from $25 to $77 per cow and that the daily manure production is 115 lbs per cow. The composted manure can be soled from the farm at a rate of $25 per yard 3 or $13.50/ton.
Fertilizer application reduction. The economic analysis associated with fertilizer application reduction involves savings from the decrease in the fertilizer purchased and the possible loss due to a proposed decline in crop yield. The benefits from fertilizer application reduction are estimated by multiplying the weight of the reduced fertilizers (lbs-N) with the corresponding unit cost of nitrogen-based fertilizers, which equals $0.237 per lb-nitrogen. Regarding the estimation of possible loss in crop yield, there was no research conducted for the study area to estimate the cost due to the loss in crop yield with the reduction in fertilizer application rates. Yadav and Wall (1998) showed that a 21% reduction of fertilizer application rate on cornfields did not a There is a probability that dairy farmers may not be able to sell composted manure at full price and may be compelled to distribute it free of charge or at a reduced price. Table 4 . Fig. 7 . Time-series of nitrate concentrations at receptor #20 for the proposed protection alternatives. This receptor is located in a pasture area in Johnson drainage. Alternative numbers are as defined in Table 4 . result in a crop yield loss. Puckett et al. (1999) cited many studies that estimated fertilizer applications in the US to be 24 to 38% higher than the crop demand. On the other hand, many farmers apply fertilizers at the optimal rate that is close to the point of diminishing returns defined on the curve of the fertilizer quantity versus crop yield. Such an application strategy implies a maximum reduction of 10% in crop yield for a 20% reduction in fertilizer application rate. As such, a range from 0 to 10% was assumed for possible loss in crop yield for 20% fertilizer reduction. Linear interpolation and extrapolation was followed to compute the possible loss in yield for different fertilizer reduction percentages. The net revenue per acre ($/acrecrop) was obtained for the main crops in the study area for 1999-2001. Improving cow diet. Here it was assumed that no reduction in milk production or its quality occured due to the adoption of this alternative and farmers would save $0.50 per cow per month (Jonker et al., 2002) . Apparently, this approach yields economic benefits to the dairy farm owners.
Combined protection alternatives. The costs of combined alternatives were computed by summing the annual costs of each individual alternative. For alternatives 8 and 9 which correspond to manure composting/exporting and feeding, the costs were calculated by considering that the feeding strategy reduces the nitrogen content by 14% in manure while manure composting/exporting reduces the remainder of the nitrogen content.
Estimates of decision criteria
Decision criteria were computed for the protection alternatives as shown in Fig. 9 . Table 7 summarizes the normalized criteria where a zero value signifies the lowest influence on the best score of the total utility of a specific alternative. Apparently, alternatives 7 and 9 are the most effective alternatives satisfying the MCL constraint. Alternative 5 is the most economic alternative since dairy farmers gain benefits (negative costs) by reducing the crude protein. Also, alternative 5 has the lowest CPCR value as well. The CPCR value for alternative 8 is low when considering that this alternative is economically and environmentally effective. Not surprisingly, reducing dairy herd size, alternative 2, has the most severe economic impacts, yet environmentally effective as alternative 3. Although not shown here, five receptors did meet the MCL constraint for alternative 4 and SCD was reduced from 75 to 54 mg/L. When alternative 4 was combined with alternative 3, no receptor exceeded the MCL while for alternative 3, a total of 20 receptors exceeded the MCL. As expected, alternatives 7 and 9 produced the lowest nitrate mass buildup in soil and ground water, lowest mass flux to surface water bodies, and the lowest nitrate leaching from soil while the worst among all criteria is the do-nothing alternative. The highest on-ground nitrogen loading and nitrogen losses via runoff and volatilization correspond to alternatives 1 and 4 while the lowest corresponds to alternatives 7 and 9.
Ranking of protection alternatives
The final step in the decision analysis is the use of the IOC method for ranking the protection alternatives (see Fig. 1 ). The decision criteria were normalized (see Table 7 ) and the importance order of the decision criteria was specified and accordingly ranked as summarized in the first column of Table 7 . The ranking of the decision criteria is such that the criteria pertinent to the constraint of the nitrate concentration were given the highest preference or priority over the remaining criteria. Nevertheless, the economic cost of a protection alternative was given the subsequent priority. Next, Eq. (9) was used to compute the utility scores and the best and worst scores were computed according to Eqs. (10) and (11). Fig. 10 shows the best, average, and worst utility scores for each protection alternative. It is worth noting that the spread of the best and worst utility scores signifies the sensitivity to the weight vectors consistent with the importance order of the criteria (Yakowitz et al., 1993) . Recalling the description of the IOC method discussed earlier, it is obvious from Fig. 10 that no protection alternative dominates over the other alternatives. As such, the ranking of the protection alternatives was accomplished by the use of the average utility scores as summarized in Table 8 . As anticipated (see Fig. 9 and Table 7 ), the results show that alternatives 7 and 9 are the best alternatives based on the average, best, and worst utility scores. Alternatives 8 and 3 attained the third and fourth places, respectively, in the three ranking schemes. Alternatives 1 and 4 exchanged the last two positions suggesting a low preference for the current order of decision criteria. Nevertheless, alternative 7, which is a combination of alternatives 3 and 4, produced an effective alternative. Although improving cow diets, alternative 5, has the lowest cost, it occupied the seventh place when considering the average utility scores due to its ineffectiveness in satisfying the MCL constraint.
Summary and conclusions
The methodology described here focused on developing an integrated approach combining nitrogen loading, physical processes, and decision analysis for the optimal management of nitrate contamination of ground water. The methodology introduced several important concepts in decision analysis pertinent to the management of subsurface pollution. The proposed methodology relies on determining the sustainable on-ground nitrogen loading distribution such that nitrate concentrations at selected receptors are below the MCL. The proposed approach depicted in Fig. 1 integrates on-ground nitrogen loadings from different sources, soil nitrogen dynamics, ground water flow, fate and transport in ground water, and an optimization framework to determine the sustainable onground nitrogen loading distribution, and a multi-criteria decision analysis to prioritize proposed protection alternatives. The protection alternatives are introduced to reduce the current nitrogen loadings to match the predicted sustainable loadings. Decision criteria are developed to account for economic and environmental consequences and the IOC method was utilized to rank the alternatives. The applicability and practicability of the proposed methodology was successfully demonstrated for the area encompassing the Sumas-Blaine aquifer located in Washington State.
The conceptual model depicted in Fig. 2 allowed for the proper simulation of the outcome of the protection alternatives. Results showed that ANN successfully predicted the soil nitrogen dynamics and ground water fate and transport processes. GA was effective in the search process for the optimal or the sustainable loadings. The IOC method is a straightforward and an efficient method to prioritize the alternatives. Apparently, managing the manure loading has a high impact on nitrate concentration reduction as compared to the fertilizer loading reduction. Therefore, it is not efficient to automatically reduce the fertilizer application and assume this alternative to be effective without the proper assessment via mathematical simulation models. In a broad sense, specific protection alternatives may be efficient to reduce nitrate concentration at some receptors but may not be efficient for others. This assessment depends on the spatial location of the receptors and the overall on-ground nitrogen source types and corresponding loadings in the contributing area. Combining different protection alternatives proved to be indispensable to satisfy the MCL constraint. The ranking of protection alternatives does not indicate an absolute decision but merely reflects the outcome of the optimization analysis, the weighting coefficients in the objective function, the spatial distribution of the receptors, and the ranking order of the decision criteria.
The sustainable on-ground manure and fertilizer loadings obtained from the implementation of the methodology are only preliminary and should provide insight for a more exhaustive and comprehensive strategy for nitrate pollution management. The results from this study can provide introductory assessments of possible protection alternatives and the corresponding economic consequences, and present a general trend needed in the on-ground nitrogen loading reduction.
The methodology has limitations that should be addressed. The overall management problem can be Fig. 10 . Best, average, and worst utility scores for the different protection alternatives. classified as an inverse problem. For instance, given that the nitrate concentrations at the receptors have to be less than or equal the MCL, what are the maximum on-ground nitrogen loadings from manure and fertilizers that can satisfy the MCL constraint? The answer to this question is that there is no unique solution and with increasing the number of drainages (decision variables) the degree of non-uniqueness increases. A second limitation of this methodology is that the decision variables are made at the drainage level. This coarse resolution can lead to an unnecessary reduction in loadings in some areas and produce receptors with highly relaxed constraints while others are not (see Fig. 6 ). Since the sustainable loadings are uniform over a drainage, there will be serious economic consequences in enforcing a reduction in loadings in areas where there are no concentrations exceeding the MCL. Another limitation is that ANN training is time-consuming especially for large areas and may have to be repeated if additional receptors are to be introduced or additional drainages to be considered. Additional work to assess the uncertainty of model parameters may be needed to obtain better insight into the methodology.
